APPENDIX 
U.S. Serial No. 09/154,903 
Pending Claims 

8. A preparation of dendritic cells having at least two cell surface markers selected from 
the group consisting of CD la, HLA-DR and CD86, produced by contacting hematopoietic 
stem or progenitor cells with flt3-ligand. 

9. (twice amended) A dendritic cell preparation according to claim 8 produced further 
by contacting the hematopoietic stem or progenitor cells with one or more compounds 
selected from the group consisting of GM-CSF, IL-4, TNF-a, IL-3, c-kit ligand, fusions of 
GM-CSF and IL-3, CD40 antibody and CD40 ligand. 

10. (twice amended) A dendritic cell population produced by the process of : 

(a) contacting hematopoietic stem or progenitor cells with flt3-ligand in an amount 
sufficient to generate a dendritic cell population; 

(b) transfecting the dendritic cells with a gene encoding an antigen; and 

(c) allowing the dendritic cells to process and express the antigen. 

11. (twice amended) A dendritic cell population according to claim 10 wherein the 
process further comprises contacting the hematopoietic stem or progenitor cells with one or 
more compounds selected from the group consisting of GM-CSF, IL-4, TNF-a, IL-3, c-kit 
ligand, fusions of GM-CSF and IL-3, CD40 antibody and CD40 ligand. 

12. (withdrawn) A method of preparing a dendritic cell population comprising the steps 
of: 

(a) contacting hematopoietic stem or progenitor cells with flt3-ligand in an amount 
sufficient to generate a dendritic cell population; 

(b) either (i) exposing the dendritic cells to an antigen-specific peptide or (ii) 
transfecting the dendritic cells with a gene encoding an antigen-specific peptide; and 

(c) allowing the dendritic cells to process and express the antigen. 
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13. (withdrawn) A method according to claim 12, wherein step (a) further comprises 
contacting the hematopoietic stem or progenitor cells with a molecule selected from the group 
consisting of GM-CSF 3 IL-4, TNF-a, IL-3, c-kit ligand, fusions of GM-CSF and IL-3, and 
CD40 binding protein. 

15. (new) A dendritic cell population produced by the process of : 

(a) contacting hematopoietic stem or progenitor cells with flt3-ligand in an amount 
sufficient to generate a dendritic cell population; 

(b) exposing the dendritic cells to an antigen; and 

(c) allowing the dendritic cells to process and express the antigen. 

16. (new) A dendritic cell population according to claim 15 wherein the process further 
comprises contacting the hematopoietic stem or progenitor cells with one or more compounds 
selected from the group consisting of GM-CSF, IL-4, TNF-a, IL-3, c-kit ligand, fusions of 
GM-CSF and IL-3, CD40 antibody and CD40 ligand. 

17. (new) The dendritic cell preparation according to claim 8 containing recombinant 
human flt3-ligand. 

18. (new) The dendritic cell preparation according to claim 9 containing recombinant 
human flt3-ligand. 

19. (new) The dendritic cell preparation according to claim 10 wherein the flt3-ligand is a 
recombinant human flt3-ligand. 

20. (new) The dendritic cell preparation according to claim 1 1 wherein the flt3 -ligand is a 
recombinant human flt3-ligand. 

21. (new) The dendritic cell preparation according to claim 15 wherein the flt3-ligand is a 
recombinant human flt3-ligand. 
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22. (new) The dendritic cell preparation according to claim 16 wherein the flt3-ligand is a 
recombinant human flt3-ligand. 



23. (new) The dendritic cell preparation according to claim 18 containing recombinant 
human GM-CSF. 



24. (new) The dendritic cell preparation according to claim 20 wherein the compound is a 
recombinant human GM-CSF. 



25. (new) The dendritic cell preparation according to claim 22 wherein the compound is a 
recombinant human GM-CSF. 



26. (new) The dendritic cell preparation according to claim 18 containing CD-40 ligand. 



27. (new) The dendritic cell preparation according to claim 20 wherein the compound is 
CD-40 ligand. 



28. (new) The dendritic cell preparation according to claim 22 wherein the compound is 
CD-40 ligand. 
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ABSTRACT Dendritic cells (DCs) are unique in their 
ability to stimulate T cells and initiate adaptive immunity 
Injection of mice with the cytokine Flt3-ligand (FL) dramat- 
ically expands mature lymphoid and mveloid-related DC 
subsets. In contrast, injection of a polyethylene glycol- 
modified form of granulocyte/macrophage' colony-stimulat- 
ing factor (GM-CSF) into mice only expands the myeloid- 
related DC subset. These DC subsets differ in the cytokine 
profiles they induce in T cells in vivo. The Ivmphoid-related 
subset induces high levels of the ThI cytokines interferon v 
and interleukin (IL)-2 but little or no Th2 cytokines. In 
contrast, the myeloid-related subset induces large amounts of 
the Th2 cytokines IL-4 and IL-10, in addition to interferon v 
and I IL-2. FL- or GM-CSF-treated mice injected with soluble 
ovalbumin display dramatic increases in antigen-specific an- 
tibody titers, but the isotype profiles seem critically dependent 
' ?^ ne used - Although FL treatment induces up to a 
10,000-fold increase in ovalbumin-specific IeG2a and a more 
modest increase in IgGl titers, GM-CSF treatment favors a 
predominantly IgGl response with little increase in I«G">a 
levels. These data suggest that distinct DC subsets have 
strikingly different influences on the type of immune response 
generated in vivo and may thus be targets for pharmacological 
intervention. 6 
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DrofounH p SUCh f S Flt3Ai °*™ d (FL). which induce a 
profound expansion of mature DC subsets in mice (15 16} 
The mature DC subsets generated in FL-treated mJe a j 
express high levels 0 f CD 11c and major histocompTtfbilit 

S of S h r we " 35 C ^ 6 * nd CD4 °' but diffe ' in S 

Sul?K- 1 llb «P ression 16) (Fig. 1). The majority 
cells withm the CD llc . C Dllb«"»/- subset express high levels 
of CD8a and DEC-205, markers that are expressed on lvm 
phoid-related DCsubset in mice (17-21). Lymphoid-re£d 
DC have been shown to down-regulate the activation of T cells 
rJr ( l°' 2 P ^ hl0Ugh 3 ^-dependent mechanism (20 

s.SeSS 1 ?; CDiibbrisht subset d ° not «S 

cusor or DEC-205 but do express F4-80. 33D-1 and other 
mye loid-re ated markers, suggesting that 'thev mi 2 T be of 
myeloid origin (15, 16). These subsets are localized in distinct 
microenvironments, with the lymphoid-related subset residing 
n the T-cel zones and the myeloid-related subset residing in 
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levels of biologically active IL-12 than the mveloid-related 

population (16), consistent with recent observations in normal 
mice (>Z). in this study, we investigate the abilitv of these DC 
subsets to prime antigen-specific T cells in vivo and examine 
the cytokine profiles that they induce in T cells. 
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ceived from the laboratory of Marc Jenkins (University of 

^ SOt , a) aDd T bred 10 B ALB/c/SCID mice in house. 
For adoptive transfers, age- and sex-matched recipients were 
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pared in PBS, was filtered, and was injected s.c. ' . 

J2?"J P C f , SUbSCtS fr ° m ^ and GM-CSF-treated mice were 
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Immune responses against T-cell-dependent antigens are het- 
erogeneous with respect to the cytokines made~bv T-helper 
cells and the class of antibody secreted bv B cells (1-5) 
Immune responses dominated by CD4~ T cells producing 
mterferon(IFN) y and B cells secreting I»G2a antibody are 
termed Thl responses; those dominated bv CD4 + T cells 
producing interleukin (IL)-4 and IL-10 and B cells secretins 
IgGl are termed "Th2" responses. At the individual T-cell 
level, considerable heterogeneity of cytokine profiles can be 

xtf-f Tu . t eU Cl0nes ' raisin S the Possibility that the Thl and 
l hi global phenotypes may only represent two polar extremes 
of all possible single cell phenotypes (4). The type of cytokine 
produced early in an immune response appears to be key in 
determining whether a Thl-like or Th2-like immune response 
is generated. Thus, early production of IL-4 induces further 
IL-4 production in T cells whereas IL-12 induces IFN-y in T 
ceils (l-o). However, the question of which cell types initiate 
the polarization of the response is less clear. The anticen- 
presentmg cell, of which dendritic cells (DCs) are prime 
examples (6, 7), is thought to play a key role in determining the 
vF^l^T™ res P° nse (1-5). DCs, through production of 

,, . ( 8 ~ 10) ma y Preferentially direct the development of Thl 
ce s in vitro . (8) and in vivo (11) whereas other cells, such as B 
cells (12, 13) and NK T cells (14), may influence the devel- 
opment of Th2 responses. 

Attempts to study the regulation of immune responses by 
DCs have been impeded by their rarity in tissues. A recent 
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Fig. 1. Relative expansion of DC subsets from FL- and GM-CSF- 
treated mice. Shown is the distribution of CDllc and CDllb on spleen 
cells from cytokine treated mice. CDllc* CDllb^^ 1 (myeloid- 
related) and CDlUr CDllb duI,/ - (lymphoid-related) subsets of DCs 
are defined as shown. Note that, in FL-treated mice, the lymphoid- 
related DCs are more prevalent than the myeloid-related DCs. Similar 
profiles are obtained with both C57BL/6 and BALB/c strains. Data 
are representative of a large number of experiments. 

In Vitro Cultures. Popliteal lymph node cells (5 x 10 5 cells) 
were plated in triplicate in 200 \x\ of DMEM complete 
supplemented with 5% fetal bovine serum, together with 
different concentrations of OVA[323-339]. Proliferative re- 
sponses were assessed after 72 hours of culture in a humidified 
atmosphere of 5% C0 2 in air. Cultures were pulsed with 0.5 
jxCi tritiated thymidine [ 3 H] for 5 hours, and the cells were 
harvested onto glass fiber sheets for counting on a gas-phase 
/3 counter. For cy lokme assays, aliquots of culture superna- 
tants were removed after 72 "hours and were assayed for the 
presence of IFN-y. IL-2, IL-4 r and IL-10 by ELISAs adapted 
from PharMingen protocols. 

Measurement of Ovalbumin-Specific Serum Titers. Ninety- 
six-well ELISA plates (Maxisorp, Nunc) were coated overnight 
with 1 ng/we\\ ovalbumin in PBS at 4°C ; were blocked with 
PBS/5^ W fetal bovine serum, and washed with PBS/0.19c 
Tween-20. Serum samples were diluted in PBS/5% fetal 
bovine serum (starting at 1/100), and threefold dilutions were 
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made. Plates were incubated for 2 hours at room temperature, 
were washed, and were incubated with alkaline phosphatase- 
conjugated anti-IgGl (1/2.000; PharMingen). anti-lgG2a ; an- 
ti-IsG2b. or anti-lgM (1/1.000; PharMingen) detecting anti- 
bodies for an additional 2 hours at room temperature. Plates 
were washed again, and enzyme activity was detected with 
p-nitrophenyl phosphate disodium (Sigma). The amount of 
reaction product was assessed on an ELISA plate reader at an 
OD of 405 nm by using the deltasoft program (DeltaPoint. 
Monterey. CA). Multipie-point analysis was performed on 
each set of isotype titrations by using the bioassay program 
(Immunex), selecting a maximum value for each isotype and 
determining for each sample the dilution giving half-maximal 
OD value, thus generating arbitrary unit-per-milliiiter values 
as described (24). 

RESULTS 

Lymphoid and Myelotd-Related DCs from FL-Treated Mice 
Prime T Cells in Vivo Equally Efficiently. To investigate the 
ability of these DC subsets to prime antigen-specific T cells in 
ifro/we used T-cell receptor (TCR) transgenic mice that 
contained rearranged TCRa and TCR)3 genes in their germ- 
line DNA encoding a TCR specific for the peptide fragment 
OVA [323-339] bound to I-Ad class II major histocompati- 
bility complex molecules (DO11.10 mice) (25). The transgenic 
TCR could be detected with the KJ126 mAb that binds only to 
this particular TCR heterodimer (26). Because DO11.10 T 
cells contain a small subpopulation of cells with a memory 
phenotype. presumably because of activation through a second 
endosenously rearranged TCR (27). all of our experiments 
<.vere "performed with" DO11.10/SCID mice, which do not 
contain cells with this memory phenotype (26). TCR trans- 
genic T cells from DO11.10/SCID mice were adoptively 
:ransterred into syngeneic BALB/c recipients, such that they 
constituted a smail (<0.3%) but detectable proportion of all T 
ceils as described (23. 24 r 2S). 
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Fig ' (A and B) Kinetics of expansion of antisen-specific (KJ126- CD-*), transgenic T cells in mice primed with lymphoid-related (L-DC: 
CDllc* CDllb JuI1/ ) and mveloid-related (M-DC; CDllc- CDllb^M DC subsets from FL-treated mice. Sorted DCs were loaded with 
OVA1323-3391 in vitro and were injected into the footpads of mice reconstituted with transgenic T cells. T-cell expansion was measured ov flow 
cytometric anarvsis of Ivmph node cells at various time points. Data were pooled from six independent experiments with a total of i?--^™P h 
nodes oer time point. (C) In vitro restimulation of antigen-specific T cells expanded in vivo, with varying concentrations of OyA[32^9] peptide. 
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Fig. 3. Cytokine production by antigen-specific T cells restimu- 
lated in vitro with varying concentrations of OVA[323-339]. In vitro 
lymph node cultures were set up 4 days after priming, and supernatants 
were assayed 72 hours later by cytokine ELISA. Data are represen- 
tative of seven independent experiments. 

Lymphoid-related DC and myeloid-related DC subsets from 
spleens of FL-treated mice were isolated by flow cytometry, 
were loaded with OVA[323-339] in vitro, and were injected 
into the footpads of T-cell-reconstituted mice. The ensuing 
CD4~ OVA-specific T-cell response was monitored by flow 
cytometry. Both DC populations could prime T cells in an 
antigen-specific manner (Fig. 2 A and B), with similar kinetics 
and magnitude. Thus, 4 days after priming, at the height of the 
immune response, the percentage of KJ126~ CD4^" T ceils was 
**3% in the draining lymph nodes of mice primed with either 



the lymphoid or myeloid DC subset; by day 8, the percentage 
in both groups of mice had almost returned to baseline levels. 
The absolute numbers of KJ126 + CD4-^ Tcells in the draining 
lymph nodes reflect this kinetics. 

At the height of the response. 4 days after primins. the 
popliteal lymph nodes were harvested, and single-cell sus- 
pensions were prepared and cultured in vitro with various 
concentrations of OVA[323-339] to assess the in vitro pro- 
liferative capacity of antigen-specific T cells. T cells that had 
been primed in vivo by either the lymphoid- or mveloid- 
reiated DCs could proliferate efficiently in vitro on restimu- 
lation with antigen; however, there was a 2- to 5-fold increase 
in the sensitivity of antigen-specific T-cell proliferation in T 
cells that had been primed in vivo with the mveloid DC. 
compared with those primed with the Ivmphoid-related DC 
subset (Fig. 2C). 

Lymphoid- and Myeloid-Related DCs from FL-Treated 
Mice Exert Differential Effects on Cytokine Production in 
Antigen-Specific T Cells in Vivo, Cytokine production bv 
antigen-specific T cells primed by the lymphoid or myeloid- 
related DC subsets was measured by assaying the culture 
supernatants from the cultures described above for IFNv. IL-2. 
IL-10, and IL-4. Assessment of cytokine production in these 
cultures revealed that there were no significant differences in 
IFNy and IL-2 production in T cells primed by either DC 
subset; however, the myeloid-related DC subset always in- 
duced much greater levels of IL-10 and IL-4 production (Fig. 
3). Thus, the lymphoid-related subset induced no detectabfe 
IL-4 whereas the myeloid-related subset induced hiah levels of 
IL-4. Furthermore, the T cells primed by the myeloid-related 
DC subset exhibited a > 100-fold increase in the antigen 
dose-dependent sensitivity of IL-10 production, compared 
with T cells primed by the lymphoid-related DC subset. 
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Fio. 4. {A and B) Kinetics of expansion of antigen-specific (KJ126* CD4"), transgenic T cells in mice primed with the myeloid DC (M-DO 
subset in GM-CSF-treated mice. (C) Cytokine production by antigen-specific T cells restimulated in vitro with varying concentrations of 
OVA[323-339). In vitro cultures were set up 4 days after priming, and supernatants were assayed 72 hours later. Data are representative of two 
independent experiments. 
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GM-CSF Treatment Preferentiatfy Expands a Myeloid- 
Related DC Subset, Which Resembles the Myeloid DC in 
FL-Treated Mice. Administration (5 days) of a chemically 
modified (pesvlated) form of GM-CSF (which exhibits an 
extended biological half-liiW^mpared with underivatized 
GM-CSF) into" mice preferentially expands the myeloid- 
related DC (CDllc- CDllfr*^) subset (Fig. 1). This my- 
eloid-related DC subset appears to be similar to that generated 
bv FL-treatment. in so far as it failed to express detectable 
CD8a or DEC-205 (E.M.. B.P., CM., K.B., E. Daro, M. Teepe, 
and H. McKenna, unpublished work), which have been shown 
to be expressed selectively on lymphoid-related DC (15, 16, 
19). Thev are also able to prime naive, antigen-specific T cells 
in vitro as efficiently as the myeloid or lymphoid-related DC 
subsets from FL-treated mice (E.M., B.P., CM., K.B.. E. Daro, 
M. Teepe. and H. McKenna, unpublished work). 

Similiar experiments with the sorted DC subset from GM- 
CSF-treated mice revealed that this putative myeloid-related 
population also could prime OVA-specific T cell expansion as 
efficientiv as the lymphoid and myeloid DC populations from 
FL-treated mice (Fig. 4 A and B). As observed previously with 
the myeloid-related population from FL treated mice, there 
was significant production of IL-4 and IL-10 by the OVA- 
specific T cells after restimulation with OVA[323-339] in vitro 
(Fie. 4C). These data support the notion the distinct DC 
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Fig * Adjuvant effects of FL and GM-CSF in ovalbumm- 
immunized mice. Shown are antigen-specific, secondary serum ana- 
bodv titers in FL- and GM-CSF-treated mice alter challenge with 
ovalbumin. PBS- or cvtokine-treated mice were primed and boosted 
with ovalbumin, and'secondary anti-ovalbumin antibody responses 
were measured bv ELISA. Each dot represents a single mouse Data 
are pooled from 'three independent experiments, each of which had 
five mice per group. Because the data are not normally distributed the 
Wilcoxon rank sum 2-sided test has been used to analyze Rvalues, 
lvalues comparing the differences between the PBS. GM-CSF, and 
FL groups are shown above each graph. 



Proc. Natl. Acad. ScL USA 96 (1999) 1039 

subsets prime T cells equally efficiently but elicit different 
cvtokine profiles in antigen-specific T cells in vivo. 
' FL and GM-CSF Dramatically Enhance Antibody Produc- 
tion to Soluble Antigens but Differ in the Class of Antibodies 
Thev Induce. To determine whether these differences in T-cell 
cytokine profiles could influence the class of antibody pro- 
duced in vivo, we performed the following experiment. Co- 
horts of BALB/c or C57BL/6 mice were treated with either FL 
or GM-CSF for 9 and 5 days, respectively, to induce maximal 
expansion of DCs. The effects of FL and GM-CSF on expand- 
ing DC subsets in vivo does not appear to depend on the strain 
ofmice used (data not shown). On the final day of cytokine 
treatment, mice were injected s.c. with various doses or" ovalbu- 
min in PBS. Twenty-one days later, identical immunizations 
were performed with no cytokine treatment. One week later 
(day 2S). mice were bled, and the ovalbumin-specific antibody 
titers were determined by ELISA. Both FL and GM-CSF 
significantly enhanced the ovalbumin-specific antibody titers 
of all isotypes analyzed (Fig. 5) compared with the ovalbumin- 
immunized, PBS-treated control mice. Consistent with our 
recent observations (24), FL treatment resulted in a > 10,000- 
fold increase in IgG2a titers but a much more modest increase 
in IsGl titers over PBS-treated controls. However, GM-CSF 
treatment resulted in a much weaker IgG2a response than 
FL-treatment, and this was more apparent in the C57BL/6 
strain, in which GM-CSF failed to stimulate IgG2a (Fig. 5). In 
contrast. GM-CSF stimulated significant levels of IgGl, and ; 
in some cases, the levels of IgGrstimulated were significantly 
hiaher than those in FL-treated mice. 

the data in Fig. 5 are pooled from three independent 
experiments, each" of which had five mice per group. The 
variabilirv in the I*G2a OVA-specific antibody titers in mice 
treated with FL or GM-CSF is caused largely by variability 
between individual experiments. The source of this experiment 
to experiment variation is not known. Nevertheless., each 
experiment showed exactly the same trends between groups: 
compared with GM-CSF-" and PBS-treated mice. FL-treated 
mice not onlv displayed much larger titers of IgG.a OVA- 
specific antibody but also had much higher frequency of 
responders. This is evident from the means of the graphs as 
well as with differences in the numbers of nonresponders 
within each group. The nonresponders are stacked at the 
bottom of the araph for each group. Thus, although both FL 
and GM-CSF "acted as adjuvants, there were class-specific 
differences in the antibody profiles generated by each cyto- 
kine, with FL giving a predominantly IgG2a response and 
GM-CSF favoring an IgGl response. These results reflect the 
differences in cytokine profiles observed in T cells stimulated 
bv the distinct DC subsets. 

DISCUSSION 

The results presented in this paper suggest that distinct DC 
subsets may differentially regulate the Thl/Th2 balance of an 
immune response in vivo. Although both the lymphoid and 
mveloid-related DC subsets can prime antigen-specific T cells 
equallv efficiently, they induce distinct cytokine profiles in T 
cells, the lymphoid-related DCs induce the Thl cytokines 
IFNy and IL-2 whereas the myeloid-related DC subset induces 
high levels of the Th2 cytokines IL-4 and IL-10, in addition to 
the Thl cytokines. 

Mechanism of T-Cell Cytokine Skewing by Distinct DC 
Subsets. The precise mechanism by which these DC subsets 
mediate their effects is. at present, unclear but may well relate 
to potential differences in the repertoire of costimulatory 
molecules expressed bv the subsets. The difference is unlikely 
to be accounted for by the B7 molecules, by CD40. or by the 
levels of class II major histocompatibility complex-peptide 
complexes on the surfaces because the myeloid- and lymphoid- 
related DC subsets in FL-treated mice express similar levels of 
all of these molecules (4). However, potential differences in the 
expression of costimulatory molecules such as OX-40 ligand 
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[which may stimulate IL-4 production in T cells (29)] may 
account for the functional dichotomy of the two subsets. 
Another factor that could contribute to this dichotomy is the 
cytokines made by the DCs themselves. Lyrnphoid-related 
DCs can be induced to secrete higher levels of biologically 
active IL-12 than myeloid DCs (16. 22). Therefore, the former 
mav have induced greater IFNy production in T cells than the 
latter. However our experiments suggest that even the rela- 
tively low levels of IL-12 produced by the myeloid-related DC 
subset is sufficient to induce abundant IFN7 production in T 
cells. Clearly the expression of Th2-inducing cytokines such as 
IL-4 (1) and IL-6 (30) by the DC subsets warrants further 
investigation. 

The question of whether the DC subsets interact directly 
with the T cells in vivo or whether they transfer antigen to a 
third cell type is intriguing, particularly given the resurgent 
interest in* the phenomenon of :; cross-priming M (31, 32). 
Thus, it is possible that antigen is transferred from the 
exogenous DC subset to some endogenous APC population, 
which then may present it to T cells. If the lymphoid and 
myeloid DC subsets differed in their abilities to hand over 
antigen to other antigen-presenting cells, this potentially 
could lead to differences in T-cell priming or in the cytokines 
made by the T cells. 

Adjuvant Effects of FL and GM-CSF. Whatever the mech- 
anism, the differential cytokine skewing in T cells by distinct 
DC subsets appears to result in strikingly different antibody 
profiles being elicited bv FL and GM-CSF (Fig. 5). In C57BL/ 6 
mice. GM-CSF (which preferentially expands :he myeloid DC 
subset; Fis. 1) elicits significant increases in IgGl titers but no 
I 2 G2a production (Fig.~5). In contrast. FL (which expands both 
the lymphoid and myeloid DC subsets, at a numeric ratio of 
=0:1: Fi2. 1) elicits modest increases in IgGl titers but 
dramatic "increases in IgG2a titers (Fig. 5). These differences 
in antibodv profiles are consistent with the cytokine profiles 
induced inT cells. Lvmphoid-related DCs would prime T cells 
to become Thl T cells, which enhance IgG2a secretion by B 
cells. Mveioid-related DCs would prime T cells to make 
abundant IL-4 and IL-10 (in addition to IFN7 and IL-2), and 
it is likelv that the Th2 cytokines would mitigate the effects of 
IFN-v, thus favorins an' IgGl response. Similar though less 
strikina trends are~observed in BALB/c mice. This strain 
difference mav be attributed to potential differences in pro- 
duction of IL-18 (33) or IL-lo by the DC subsets in the 
different strains. Both IL-18 and IL-la can potentiate IL-12- 
inducec Thl development in BALB/c but not C57BL/6 mouse 
strains (34). 

Perspectives. These data are consistent with recent obser- 
vations (35) that indicate that lymphoid and myeloid DCs in 
normal mice also can induce distinct cytokine profiles in T 
cells. Both studies suggest that the lymphoid and myeloid DCs 
prime T cells equally efficiently in vivo. We currently are 
investigating whether lyrnphoid-related DCs could tolerize 
CD4+ T cells in vivo via a Fas-dependent mechanism (20). 
One possibility is that CD4+ T cells may be tolerized in vivo 
by repeated stimulation with lymphoid- but not myeloid- 
related DC. Indeed, the 2- to 5-fold less efficient in vitro 
stimulation of T cells, which were primed in vivo by the 
lymphoid DCs (Fig. 2C), may represent a dampening of the 
T-cell response by activation-induced cell death. In this con- 
text, it is worth noting that activated Thl cells, rather than Th2 
cells, are susceptible to Fas-mediated apoptosis (36. 37). 
Therefore, the lymphoid and myeloid DC subsets initially may 
prime T cells equally efficiently, but, on repeated stimulation 
by the lymphoid DCs, the resulting Thl T cells may be more 
susceptible to Fas-mediated apoptosis. 

Finally, the functional differences of the DC subsets de- 
scribed here should be viewed in the context of their geo- 
graphical separation in lymphoid microenvironments. In the 
spleen, the lymphoid and myeloid DC subsets are localized in 



the T-cell zones and the marginal zones, respectively (16). The 
possibility that these subsets may be exposed to different types 
of antigens because of their geographical isolation and differ- 
ences in their cell-surface markers must now be investigated. 

In summary, our data suggest that the class of immune 
response generated in vivo can be controlled differentially by 
distinct DC subsets. This may provide a unique opportunity to 
elicit optimally effective immunity in different clinical settings 
by using distinct DC subpopulations. Thus, in various autoim- 
mune diseases or in Helicobacter pylori infections, the prospect 
of using myeloid-related DC or GM-CSF to vaccinate against 
pathogenic Thl responses may be attractive. In contrast, 
lyrnphoid-related DCs that promote protective Thl responses 
may hold great promise in tumor immunotherapy, antiviral 
immunity, and in allersv. 
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Abstract 



Murine dendritic cells (DC) can be classified into at least two subsets, "myeloid-related" 
(CDllb brighl , CD8a) and "lymphoid-related" (CDllb du, \ CD8a + ), but the absolute 
relationship between the two remains unclear. Methods to generate DC from bone 
marrow (BM) precursors in vitro typically employ GM-CSF as the principal growth 
factor, and the resultant DC exhibit a myeloid-like phenotype. Here we describe a Flt3- 
ligand (FL)-dependent BM culture system that generated DC with more diverse 
phenotypic characteristics. Murine BM cells cultured at high density in recombinant 
human FL for 9 days developed into small, lymphoid-sized cells, most of which 
expressed CDllc, CD86, and MHC Class II. The CDllc + population could be divided 
into two populations based on the level of expression of CD1 lb, which may represent the 
putative myeloid- and lymphoid-related subsets. The FL in vitro-derived DC, when 
treated with interferon-a (IFNa) or lipopolysaccharide (LPS) during the final 24 hours of 
culture, expressed an activated phenotype that included upregulation of MHC Class II, 
CDld, CD8a, CD80, CD86, and CD40. The FL-derived DC also exhibited potent antigen 
processing and presenting capacity. Neutralizing anti-interleukin-6 (IL-6) antibody, but 
not anti-GM-CSF, significantly reduced the number of DC generated in vitro with FL, 
suggesting that IL-6 has a role in the development of DC from BM precursors. Stem cell 
factor (SCF), which exhibits some of the same bioactivities as FL, was unable to replace 
FL to promote DC development in vitro. This culture system will facilitate detailed 
analysis of murine DC development. 

Key words: Flt3 ligandi dendritic cellsi interleukin-6i IFNai antigen presentation. 




Introduction 

DC capture and process antigens for presentation to naive T cells and B cells. 1 Although 
they are relatively rare, DC are found in a broad range of lymphoid and non-lymphoid 
tissues and are considered to be essential for the rapid, efficient initiation of an immune 
response. DC are considered to arise from either myeloid-committed or lymphoid- 
committed progenitors 2 ; however, the specific stages of development within these 
lineages are poorly defined, largely due to a lack of understanding of which growth 
factors regulate this process. More recent studies have demonstrated that at least two 
cytokines, Flt3 ligand (FL) and GM-CSF, induce DC expansion in vivo. 3 " 6 Administration 
of FL to mice results in large increases in vivo of two populations of DC, which appear to 
represent myeloid- and lymphoid-related subsets in normal lymphoid tissues. 3 In contrast, 
GM-CSF administration favors in vivo expansion of only the myeloid-related subset. 4 
Studies in gene knockout (KO) mice support the notion that these cytokines play different 
roles in normal DC development. FL-deficient mice have reduced numbers of lymphoid 
tissue DC. 7 In contrast, mice lacking GM-CSF have normal numbers of DC in lymphoid 
tissues 8 , but are functionally deficient at initiating B cell and T cell responses. 910 

The role of cytokines in DC development from hematopoietic precursors may be more 
easily examined using in vitro culture systems. Inaba et al have shown that murine BM 
cells cultured in GM-CSF for 6-8 days generate large numbers of mature DC. 11 These 
GM-CSF-derived DC can be further activated and enriched by including IL-4. 12,13 DC 
derived in GM-CSF plus IL-4 express cell surface antigens typically associated with DC, 
including DEC205, MHC Class II, CD80 and CD86, and demonstrate potent 
allostimulatory activity. 13 Based upon their expression of myeloid cell surface antigens 
such as CDllb, 33D1, and F4/80, as well as the lack of CD8a expression, these GM- 
CSF-derived cells are considered to be the progeny of cells of the myeloid lineage. 
Lymphoid-related DC can be generated by culturing thymus-derived, CD4 Iow precursors 
in a cytokine combination that includes SCF, IL-1, tumor-necrosis factor-a (TNFa), IL-3, 
and IL-7, but not GM-CSF. 14 These DC express variable levels of CDllb, and high 
levels of MHC Class II, as well as CD80 and CD86, but fail to express CD8a, normally 
found on a subset of DC from lymphoid tissues of mice. 15 

Here we describe a novel method to generate large numbers of DC in vitro from BM cells 
cultured in FL alone. Upon activation with LPS or IFNa, these FL-derived DC share 
morphological characteristics and phenotypic cell surface antigens found on normal 
lymphoid tissue-derived DC subsets. This culture system will allow us to investigate 
endogenous factors that contribute to DC development in the mouse, and to compare 
directly the effects of exogenous cytokines on DC development and differentiation. 



3 



Materials and Methods 

Mice. Female BALB/c, DBA/2 and C57BL/6 mice (8-12 weeks of age) were obtained 
from Taconic (Germantown, NY). The D011.10 mice were a kind gift from Dr. Mark 
Jenkins (University of Minnesota). The C57BL/6 IL-6 gene KO and control mice were 
purchased from The Jackson Laboratory (Bar Harbor, MA). All mice were housed under 
specific pathogen-free conditions. 

Cell preparations. BM cells were isolated by flushing femurs with 2 ml phosphate 
buffered saline (PBS) supplemented with 2% heat-inactivated fetal bovine serum (FBS) 
(Gibco BRL Life Technologies, Grand Island, NY). The BM cells were centrifuged once, 
then resuspended in tris-ammonium chloride at 37°C for 2 minutes to lyse red blood cells. 
The cells were centrifuged again, then resuspended in culture medium (CM) consisting of 
McCoy's medium supplemented with essential and non-essential amino acids, 1 mM 
sodium pyruvate, 2.5 mM HEPES buffer pH 7.4, vitamins, 5.5xlO~ 5 M 2-mercaptoethanol 
(2-ME), 100 units/ml pennicillin, 100 mg/ml streptomycin, 0.3 mg/ml L-glutamine 
(PSG), and 10% FBS (all media reagents from Gibco). 

DC cultures. BM cells were cultured in CM containing 200 ng/ml recombinant human FL 
(Immunex) for 9 days at lx 107ml, in six-well plates (Costar Corning, Cambridge, MA) 
unless otherwise noted. Cultures were incubated at 37°C in a humidified atmosphere 
containing 5% C0 2 in air. DC were harvested from the cultures by vigorously pipetting 
and removing non-adherent cells, then washing each well 2 times with room temperature 
phosphate -buffered saline (PBS) without Ca ++ or Mg** to remove loosely adherent cells, 
which were pooled with the non-adherent fraction. 

DC were also generated in GM-CSF plus IL-4-supplemented BM cultures as described. 16 
Briefly, BM was processed as described above including lysis of red blood cells. BM 
cells were cultured at 4x 107ml in CM containing 20 ng/ml murine GM-CSF (Immunex) 
and 20 ng/ml murine EL-4 (Immunex), in 6-well plates. On days 3 and 5 of culture, plates 
were swirled gently before removing 2/3 of the conditioned medium with the non- 
adherent cells. Fresh GM-CSF and IL-4-containing medium was added back to the 
cultures. These cultures were harvested for the non-adherent fraction after vigorous 
pipetting of DC clusters on day 7, and consisted of DC and monocytes. 

Activation of the DC from FL-supplemented cultures was accomplished by the addition 
of 10 ng/ml recombinant murine GM-CSF, 1000 units/ml human IFNa AID (Genzyme, 
Cambridge, MA), or 1 mg/ml E. coli (0217:B8)-derived lipopolysaccaride (LPS) (Difco, 
Detroit, MI) during the final 24 hours of culture unless otherwise noted. 

To distinguish between the presence of soluble factors or membrane-bound factors 
produced by the BM cells, 6-well transwell plates (0.4 um filter; Costar) were used. 
Various concentrations of feeder cells (whole BM) were added to the upper chamber, and 
the lower chamber contained 6xl0 5 BM cells at 2xl0 5 /ml (low cell density BM). The DC 
were harvested from the lower chamber after 9 days of culture. In some experiments, FL 
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was excluded, or replaced with 100 ng/ml stem cell factor (SCF [Immunex], also known 
as c-kit ligand). 

Cultures for cytokine neutralization studies were established as above, and neutralizing 
antibodies were included at the initiation of culture. Rat anti-murine IL-6 monoclonal 
antibody (mAb) (MP5-20F3) (Pharmingen, San Diego, CA) and the rat IgGi isotype 
control (Immunex) were used at 1 mg/ml. Rabbit anti-murine GM-CSF polyclonal 
antiserum (Immunex) was used at a dilution of 1 :400, which was sufficient to neutralize 
10 ng/ml of recombinant murine GM-CSF (data not shown). 

Splenic-derived DC. Adult BALB/c or C57/BL/6 female mice were administered 10 mg 
FL/daily for 10 days in endotoxin-free PBS (Gibco) via intra-peritoneal injections. 3 
Twenty-four hours after the last injection, the spleens were harvested and the DC 
enriched as previously described. 17 Briefly, spleens were digested with 100 units/ml 
collagenase (Worthington Biochemical Corp., Freehold, NJ), in Hanks' buffered salt 
solution (HBSS, Gibco) with Ca~ and Mg ++ and 1% FBS for 30 minutes at 37°C. The 
spleens were minced and large debris filtered out before washing the single cell 
suspension in HBSS without Ca** and Mg ++ and 10 mM EDTA. For functional assays 
(MLR and stimulation of OVA-specific T cells) DC were enriched by running over a 
Nycodenz discontinuous gradient. Cells within the interface were collected and washed 
twice before using in antigen presenting cells (APC) function assays. There were less 
than 1% contaminating T cells or B cells from the DC-enriched interface. 

Cytologic assays. Harvested cells were centrifuged at room temperature onto slides at 
30-40,000 cells/slide. Slides were air dried and stained with LeukoStat (Fisher 
Diagnostics, Pittsburgh, PA) for morphological analysis. Phase-contrast observations of 
cultures were made using an inverted microscope (Nikon) at 400x magnification. 

Flow cytometric analysis. DC from harvested cultures were centrifuged once and 
resuspended in cell staining medium (SM) consisting of PBS supplemented with 2% 
heat-inactivated calf serum (Gibco), 2% heat-inactivated mouse serum (Biocell, Rancho 
Dominguez, CA), 10 mg/ml 2.4G2 anti-Fc receptor mAb (ATCC, Rockville, MD), and 
0.02% sodium azide (Sigma, St. Louis, MO). Cells were blocked with SM at 4°C for 20 
minutes before incubation with mAbs. Cells were incubated with directly conjugated 
mAbs for 25 minutes at 4°C at 3-5xl0 5 cells per sample in a 50 ml volume. All mAbs 
were purchased from Pharmingen, except where noted. The following mAb (clone name) 
were used: CDld (1B1), CD8a (53-6.7), CDllb (Ml/70), CDllc (HL3), CD14(rmC5- 
3), CD25 (7D4), CD40 (HM40-3), CD80 (16-10A1), CD86 (GL-1), IA b (AF6-120.1), 
Gr-1 (RB6-8C5), Ly6C (AL-21), Ly6A/E (also known as Sca-1) (D7), and c-kit 
(ACK45). Phycoerytherin-conjugated F4/80 (CLA3-1) mAb was purchased from Caltag 
Laboratories (Burlingame, CA). Biotinylated 33D1 (ATCC) and DEC205 (NLDC145; 
Accurate Chemical and Scientific Corp., Westbury, NY) binding were detected with 
streptavidin-Phycoerytherin (Molecular Probes, Eugene, OR). Propidium iodide, 
(Boehringer Mannheim, Indianopolis, IN) at 2 mg/ml was added to exclude dead cells 
from analysis. Ten thousand events per sample were collected. Flow cytometric analysis 
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was performed on a FACSCalibur (Becton-Dickinson, Mountain View, CA) using 
CELLQuest software (Becton-Dickinson). Gates were determined using appropriate 
isotype controls. Results are given as percent positive minus background from 
appropriate isotype controls. 

Generation of DC from sorted progenitor cells. BM cells from adult female C57BL/6 
mice were processed as above, but resuspended in SM after lysis of RBCs. Depletion of 
lineage positive cells was accomplished by incubating cells with unconjugated mAb to 
CDllb, CD122 (TMbl), B220 (RA3-6B2), Gr-1, NK1.1 (PK136), TER-119, and F4/80, 
for 25 minutes at 4°C. All antibodies were from Pharmingen, except F4/80 which was 
purchased from Caltag Laboratories. Labeled BM cells were washed, then incubated with 
sheep-anti-rat IgG conjugated magnetic beads (Dynal Inc.) per instructions. Non-adherent 
cells were collected and washed, then stained with Phycoerythrin-labeled anti-flt3 
(A2F10.1) mAb and pooled FITC-labeled mAb to lineage markers (Pharmingen): CD3e 
(500A2), CD1 lb, CD1 lc, B220, Gr-1, and Ly6c, for 25 minutes at 4°C. The flt3 + , lineage 
negative population was sorted on the FACs Vantage (Bection-Dickinson). Collected cells 
were cultured in a 200 ml volume/well at high density (approximately 2.5xl0 5 cells/ml) 
in U-well, 96-well plates (Costar). Media consisted of CM supplemented with 200 ng/ml 
FL and 10% conditioned medium from cultured spleen cells. Spleen cell-conditioned 
media, a source of DC-promoting activity 18 , was prepared by mincing spleens from adult 
C57BL/6 mice in PBS, pipetting vigorously to break up clumps, then washing and 
resuspending cells in CM. Spleen cells were then cultured at 3xl0 6 /ml in T-75 flasks 
(Costar) for 10-14 days before collecting the conditioned media. After culturing sorted 
progenitor cells for 2 days, each well was transferred to another well in a 24-well plate 
(Costar) containing FL and 10% conditioned media from spleen cells as above. Cultures 
were stimulated with 1 mg/ml E. coli-derived LPS on day 8, and harvested for cell counts 
and flow-cytometric analysis on day 9. 

Mixed lymphocyte reaction (MLR) assay. DC were generated as described above. 
Briefly, BM cells from C57BL/6 mice were cultured for 9 days in media containing FL 
alone, or in cultures containing FL for 9 days to which LPS or IFNa was added during the 
final 24 hours of culture, or in cultures containing GM-CSF plus IL-4 for 7 days. 
Additionally, DC were enriched from the spleens of mice treated with FL for 10 days. T 
cells were enriched from spleen and peripheral lymph nodes (LN) of DBA/2 mice by 
depletion of non-T cells with mAbs against B220 and CDllb, then removal of mAb- 
coated cells with sheep-anti-rat IgG conjugated magnetic beads (Dynal). DBA/2 T cells at 
lxlO 5 cells/well were seeded into U-well 96-well plates (Costar) and cultured with 
varying numbers of allogeneic C57BL/6-derived DC in 200 ml/well CM. Cultures were 
maintained for 5 days in CM at 37°C in a humidified atmosphere containing 5% C0 2 in 
air. Alamar blue (Biosource, Camarillo, CA) at 20 ml per well was added during the final 
24 hours of culture. 19 The optical density of the assay plates were read at a wavelength of 
570nm-600nm on a Molecular Devices plate reader (Sunnyvale, CA) using SoftMax 
software (Molecular Devices). 

Preparation and purification of antigen-specific CD4 T cells. CD4 + T cells recognizing a 
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peptide of chicken ovalbumin (OVA) in the context of IA d were isolated from the spleens 
and peripheral LN of D011.10 TCR transgenic BALB/c mice. 20 Single cell suspensions 
were incubated for 30 minutes at 4°C with anti-CD8a (53-6.7), MHC Class H (IA d , AMS- 
32.1), and B220 (RA3-6B2) (Pharmingen). CD4 + T cells were enriched by depleting 
mAb-coated cells with sheep-anti-rat IgG conjugated magnetic beads (Dynal). 

Antigen presentation assay. OVA presentation assays were performed in 96-welI U-well 
plates (Costar). Naive D011.ll OVA-specific CD4 + T cells at lxlOVwell were incubated 
with either a constant number of DC (2xl0 4 cells) per well and titrated OVA protein 
(Calbiochem, San Diego, CA), or in a constant amount of OVA protein (300 mg/ml) with 
varying numbers of DC per well. DC were generated as described above. Briefly, BM 
cells from female BALB/c mice were cultured for 9 days in media containing FL alone, 
or in cultures containing FL for 9 days to which LPS or IFNa was added during the final 
8 hours of culture, or in cultures containing GM-CSF plus IL-4 for 7 days. Additionally, 
DC were enriched from the spleens of mice treated with FL for 10 days. Cells were 
cultured in 200 ml/well modified DMEM medium containing 10% FBS, 2-ME, and PSG, 
at 37°C in a humidified atmosphere containing 10% C0 2 in air. Cells were cultured for 5 
days, then pulsed with 0.5 mCi 3 H-thymidine for 8 hours, and the cells were then 
harvested onto glass fiber sheets for counting in a gas-phase beta counter. 

In vitro IL-12 production assay. Myeloid- and lymphoid-type DC from FL-supplemented 
BALB/c BM cultures were sorted and separated by their expression of CDllb and 
CDllc as shown in figure 7B using the EPICS ELITE (Beckman Coulter, Brea, CA ). 
Sorted cells were cultured in CM supplemented with 20 ng/ml GM-CSF (Immunex), 
20/ng/ml IFNg (PBL, New Brunswick, NJ), and 50 ug/ml Pansorbin (Calbiochem, San 
Diego, CA) at lxlO 6 cells/ml for 40 hours. Culture supernatants were assayed for murine 
IL-12 p70 using an ELISA Quantikine kit (R and D systems, Minneapolis, MN). Limit of 
detection was 8 pg/ml. 

Statistical Analysis Statistical analyses were performed using the unpaired two-tailed 
Student's r-test. 
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Results 

Generation of CDllc" DC from FL-supplemented BM cultures. It has previously been 
reported that the administration of FL to mice generates large numbers of DC in vivo. 3 
We were interested in determining whether culture conditions could be established in 
which FL, as a single factor, could induce DC development in vitro. Murine BM cells 
were cultured at high density (lxl0 6 /ml), in the presence of 100 ng/ml FL. After 9 days, 
cultures contained small lymphoid-sized cells that grew in clusters associated with 
adherent macrophage-like cells (Fig 1). Cells derived from the FL-supplemented cultures 
of BM cells from BALB/c or C57BL/6 mice expressed variable levels of CD1 lb, CD1 1c, 
33D1, CD86, MHC Class II, and Gr-1 (Fig 2). However, less than 1% were positive for 
CD19 (B cells), CD3e (T cells), NK1.1 (NK cells) or TER-119 (erythroid cells) based 
upon flow cytometric analysis (data not shown). The absence of lineage-specific, cell- 
surface antigens for T, B, NK, and erythroid cells, and expression of CD1 lc and 33D1, as 
well as low levels of MHC Class II and CD86 were suggestive of immature DC-lineage 
committed cells. Two populations of DC defined by CD lib expression were detected. 
One population expressed high levels of CD1 lb (CD1 lb bnght ), while the other population 
expressed little to no CDllb (CDllb duI1 ). Most of the cells from FL-supplemented BM 
cultures were positive for CDllc (76%), with approximately 50% expressing CD86 or 
MHC Class II. Expression of 33D1, a marker of marginal zone DC 21 , was restricted to the 
CDllb bnght population. Gr-1, a marker of granulocytes, was expressed on half of the 
CDllb + FL-derived cells from BALB/c cultures, but on only a low percentage (7%) of 
cells from C57BL/6 cultures. In mice administered FL for 9 days at 10 mg/mouse/day, 
we found that splenic derived CDllc + DC from C57BL/6 and BALB/c mice were 14% 
and 25% positive for Gr-1, respectively (data not shown). Thus, cells generated from FL- 
supplemented BM cultures from both C57BL/6 and BALB/c mice generate populations 
of cells that are phenotypically similar to DC subsets previously identified in lymphoid 
tissues of normal and FL-treated mice. 315 

FL, but not SCF, supports in vitro DC development. Unfractionated BM cells generated 
DC in cultures only when the seeding density exceeded 5xl0 5 /ml (data not shown). 
Therefore we investigated the role of endogenously produced soluble factor(s) in the 
generation of DC by using a transwell system that allows for the selective diffusion of 
soluble factors. BM cells at low cell density (2xl0 5 cells/ml in lower chamber) were 
cultured with increasing numbers of BM cells (upper chamber) in the presence or absence 
of FL or stem cell factor (SCF), the ligand for c-kit which shares activities and structural 
homology to FL. 22 Regardless of the BM feeder cell density in the upper chamber, cells 
cultured at low cell density in the lower chamber did not survive in the absence of 
exogenous cytokines (Fig 3). Inclusion of SCF in the cultures resulted in a 2-fold 
expansion of cells in the lower chamber, which was further increased when feeder cells 
were included in the upper chamber. However, fewer than 4% of the cells from the lower 
chamber, generated in the SCF-supplemented cultures, expressed CDllc or MHC Class 
II, whereas 87% of the cells expressed high levels of Gr-1 and exhibited the morphology 
of immature granulocytes (data not shown). BM cells cultured at low density in FL- 
containing medium generated few cells when the BM feeder cells were excluded (25% of 
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the input number). However, there was a linear dose response in the generation of cells in 
the lower chamber when increasing numbers of BM feeder cells were included in the top 
chamber, demonstrating the importance of cell density for the production of soluble 
factor(s) (Fig 3). Cells harvested from the lower chambers under these conditions 
expressed CDllc (85%) and MHC Class II (70%). Thus, feeder cell-derived soluble 
factor(s) can support DC development in vitro when FL is the sole growth factor added 
exogenously. 

Role of endogenous IL-6 in DC development from FL- supplemented BM cultures. We 
investigated the role of endogenous soluble factors in DC development in FL- 
supplemented cultures using neutralizing mAbs. Neutralizing mAbs against IL-2, IL-3, 
IL-4, IL-7, IL-1 1, IL-15, G-CSF, CSF-1 and TGF-bi- 3 failed to inhibit DC development in 
vitro from FL-supplemented BM cultures (data not shown). Neutralizing mAbs against 
murine IL-6 inhibited approximately 70-80% of the DC development during 9 days of 
culture (Fig 4A). A similar effect was seen with neutralizing mAbs against the murine IL- 
6 receptor (IL-6R) and gpl30, both components of the IL-6 receptor complex (data not 
shown). In addition, FL-supplemented cultures of BM cells from IL-6 gene KO mice 
produced fewer cells, compared with normal BM, and as expected were not affected by 
the inclusion of the neutralizing anti-IL-6 mAb (Fig 4B). Residual cells harvested from 
FL-supplemented cultures of BM from IL-6 gene KO mice, and control cultures where 
anti-IL-6 mAb was included still expressed CDllb, CDllc, CD86 and MHC Class II 
similar to control cultures (data not shown). BM cells cultured in recombinant murine IL- 
6 alone, did not generate DC (data not shown). Lastly, polyclonal antibody against 
murine GM-CSF did not affect DC development in this culture system (Fig 4A). Thus, 
IL-6, but not GM-CSF, is an important growth factor for DC development from FL- 
supplemented BM cultures. 

Kinetics of DC development in FL-supplemented BM cultures. Cells from FL- 
supplemented BM cultures were harvested periodically over an 11 -day period, counted 
and analyzed for cell-surface phenotype. Although the total cellularity was fairly constant 
over time (l-3xl0 6 cells/well), there was a considerable change in the relative proportion 
of monocytic-myeloid and B-lymphoid cells, as assessed by flow cytometry (Fig 5). The 
number of cells expressing CD 19 (B cells) and Gr-1 (primarily granulocytes) declined 
over time, while there was a concomitant increase in cells expressing CDllc and MHC 
Class II. After 9 days of culture there were no detectable erythroid cells (TER-1 19 + ), T 
cells (CD3e + ) or NK cells (NK1.T) present (data not shown). Significant numbers of 
CDllc* cells were not present until 5-7 days of culture, and CDllc expression closely 
correlated with development of MHC Class II expression. 

Activation of FL-derived DC Since the DC generated from FL-supplemented cultures 
expressed low levels of DC-associated molecules (Fig 2), we concluded that DC with an 
immature phenotype were being generated. We investigated whether these cells could be 
activated in vitro with cytokines or LPS. DC generated from FL-supplemented BM 
cultures were treated with 1 mg/ml E. coli-derived LPS, 1000 units/ml IFNa, or 10 ng/ml 
GM-CSF to assess morphological and phenotypic changes associated with activation. 
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LPS, IFNa, or GM-CSF were added to FL-supplemented DC cultures during the final 24 
hours of culture (day 8). There was no statistically significant change in cellularity in the 
cultures after 24 hours of stimulation with LPS, IFNa, or GM-CSF (data not shown). 
Cultures supplemented with FL alone contained small, lymphoid-sized cells, growing as 
single cell suspensions, although some cells grew in small clusters (<20 cells/cluster). 
Some of the cells also possessed short dendrites (Fig 6A). Cells from LPS-treated 
cultures were larger, formed clusters (>50 cells/cluster) that adhered to the plastic culture 
dishes, and when separated by gentle pipetting, exhibited long dendrites (Fig 6B). Cells 
from IFNa-treated cultures also increased in size and had extended dendrites, but did not 
form large adherent clusters (Fig 6C). FL-derived DC treated with GM-CSF for 24 hours 
formed large clusters and increased in size, but few cells possessed long dendrites (Fig 
6D). In addition, for comparative purposes, we generated DC in cultures supplemented 
with GM-CSF and IL-4 as described. 16 BM cells cultured for 7 days in medium 
supplemented with 20 ng/ml GM-CSF and 20 ng/ml IL-4 consisted primarily of adherent 
giant-multinucleated cells and macrophage-like cells, and non-adherent cells consisting 
on monocytes and cells with dendriform bodies. Only those cells in the non-adherent 
fraction were used to compare with FL-derived DC (Fig 6E). 

The cell-surface phenotype of activated DC from FL-supplemented cultures was assessed 
by flow cytometry. There was little change in expression of CDllb or CDllc after 24- 
hour treatment of cultures with LPS, IFNa or GM-CSF; however, there were notable 
differences in the expression of other cell-surface antigens. DC generated in FL alone did 
not express appreciable levels of CD25 (IL-2Ra), DEC205, CDld, or CD8a, and 
relatively low levels of CD40, MHC Class II, CD86, and CD80 (Table 1, Fig 7 A and 7B). 
LPS treatment resulted in the up-regulation of CD25, CD40, DEC205, MHC Class II, 
CD86, CD80, CDld, and CD8a (Table 1 Fig 7A and 7B). CD8a and DEC205 were 
expressed primarily by the CD1 lb du " population (Fig 7B). In contrast, expression of c-fins 
(CD 115), the receptor for CSF-1, decreased after LPS treatment (Table 1). Similar to 
treatment with LPS, IFNa increased the expression of CD25, CD40, DEC205, MHC 
Class II, CD86, CD80, CDld, and CD8a, and decreased expression of c-fins. 
Surprisingly, although overnight treatment with GM-CSF resulted in up-regulation of 
CD40 and CD80, there was only a moderate increase in DEC205, MHC Class II, CD86, 
and CDld (Table 1 and Fig 7A). In addition, unlike activation with LPS or IFNa, GM- 
CSF-induced no increase of CD8a cell surface expression, yet c-fins expression increased 
Table 1). 33D1 expression was restricted to the myeloid DC subset and there was little 
change in expression after stimulation with LPS, IFNa, and GM-CSF (Fig 7B and data 
not shown). Interestingly, many DC from unactivated cultures (FL alone) constitutively 
co-expressed c-kit, as well as Sca-1 (Stem cell antigen/Ly6A/E), and the expression of 
both cell surface antigens increased upon activation with LPS or IFNa (Table 1). Both c- 
kit and Sca-1 are cell-surface antigens typically used in murine stem-cell purification 
protocols. 23 25 

For comparative purposes we generated DC using BM cultures supplemented with GM- 
CSF plus IL-4 as previously described. 16 Flow cytometric analysis showed that most of 
the cells constitutively expressed high levels CDllb, CDllc, CD80, CD86, and MHC 
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Class II (Fig 7C). Some of the cells from these cultures also expressed CD Id, 33D1, 
CD25, CD40, DEC205, and Sca-1, but not c-kit nor CD8a (Fig 7C and Table 1). The 
phenotype of GM-CSF plus DL-4-derived DC did not change significantly after a 24 hour 
stimulation with LPS, IFNa or TNFa as previously reported (13 and data not shown). 
Thus, unlike DC generated in GM-CSF plus IL-4, cells generated in FL-supplemented 
BM cultures, when activated with LPS or IFNa overnight, express a phenotype similar to 
both lymphoid (CD1 lb dun /CD8a> and myeloid (CD1 lb brigh VCD8a)-type DC found in 
lymphoid tissues. 

DC can be generated from flt3 + , lineage-depleted BM cell progenitors. To address the 
question of whether DC generated from FL-supplemented BM cultures arise from 
preexisting DC or progenitor cells, the following experiment was performed. Cells from 
the BM expressing flt3, a receptor found on lympho-hematopoietic progenitor cells 22 , and 
lacking a number of lineage-specific markers (CD3e, CDllb, CDllc, CD122, B220, Gr- 

I, NK1.1, TER119, F4-80, and Ly6c) were purified. This flt3 + , lineage-depleted 
population represented less than 0.3% of whole BM. Sorted cells were cultured in FL 
plus conditioned medium from cultured-spleen cells which has previously been described 
to contain an IL-6-like activity and could promote murine DC development in vitro. 18 
After 8 days of culture, the cells were stimulated with LPS and harvested 24 hours later. 
Addition of LPS was used to upregulate DC-associated markers as shown in figures 7A 
and 7B. Flow-cytometric analysis demonstrated two discrete populations as determined 
by levels of CDllb and CDllc (Fig 8). Similar to DC generated from whole BM 
cultured in FL and stimulated with LPS, most cells expressed high levels of MHC Class 

II, CD80, CD86, and CD40 (Fig 7 A and 8). CD8a and 33D1 were expressed primarily by 
the CDllb du11 and CDllb bnght populations, respectively (data not shown). Thus, both 
myeloid-and lymphoid-type DC, as assessed by phenotype, could be generated from 
hematopoietic progenitors using FL and the conditioned medium from spleen cells. 

FL-derived DC stimulate allogeneic T cell proliferation. DC from FL- or GM-CSF plus 
IL-4-supplemented BM cultures, as well as derived from the spleens of mice treated with 
FL for 10 days, were assayed for allo-stimulatory activity in an MLR assay. Each 
population of DC were approximately 75-80% positive for CDllc, and contained less 
than 1% contaminating T cells (data not shown). All populations of DC had potent allo- 
stimulatory activity, although those generated in vitro with FL alone had the least (Fig 9). 
BM cells cultured in FL, and stimulated for 24 hours with IFNa or LPS, had enhanced 
allo-stimulatory capacity over those in FL alone (approximately 10-fold, at 1000 
DC/well). DC generated in BM cultures supplemented with GM-CSF plus IL-4 were 
comparable in activity to DC derived from cultures supplemented with FL and activated 
with LPS. Splenic-derived DC consistently exhibited less activity than in vitro-derived 
DC. Thus, FL-derived DC activated with IFNa or LPS, which induced upregulation of 
MHC Class II and costimulatory molecules, resulted in potent allo-stimulatory activity to 
induce T cell proliferation in an MLR assay. 

Processing and presentation of OVA protein to OVA-specific CD4 T cells. We tested the 
capacity of both FL- and GM-CSF plus IL-4-derived DC to process OVA protein, and 
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present it to OVA-specific CD4 + T cells in vitro. T cells from D011.10 transgenic mice 
express a TCRab specific for the OVA peptide fragment 323-339 presented on I-A d MHC 
Class II molecules. 20 OVA-specific CD4 + T cells were enriched from spleen and LN of 
DO 11.10 mice, and then cultured with either varying numbers of DC in a constant 
concentration of OVA protein, or with constant numbers of DC with titrated OVA 
protein, and proliferation was measured after 5 days. DC were derived from in vitro 
cultures using FL (+/-LPS) or GM-CSF plus IL-4, as well as enriched from the spleens of 
mice treated with FL for 10 days. All populations of DC were approximately 72-76% 
positive for CDllc and contained less than 1% contaminating T cells (data not shown). 
DC derived in vitro with FL, and stimulated with LPS during the final 8 hours of culture, 
demonstrated similar activity as those DC from cultures supplemented with FL alone at 
inducing T cell proliferation when either DC were titrated, and OVA protein remained 
constant (300 mg/ml), or when OVA protein was titrated and APC remained constant 
(Fig 10A and 10B). FL-derived DC stimulated with IFNa for 8 hours were also used and 
found to have similar activity to those stimulated with LPS (data not shown). When OVA 
protein was held constant, and APC were titrated, DC generated in vitro using GM-CSF 
plus IL-4 demonstrated similar activity as FL-derived DC. Additionally, those DC 
generated in GM-CSF plus IL-4 were less stimulatory to T cells than FL-derived DC 
when DC were held constant, and the OVA protein was titrated (Fig 10B). Splenic- 
derived DC enriched from the spleens of mice treated with FL for 10 days were also used 
for comparison, but found to be consistently less stimulatory to T cell proliferation when 
compared to the in vitro-derived DC. These data demonstrate that DC generated in vitro 
with FL or FL plus IFNa are competent at processing and presenting OVA protein to 
OVA peptide-specific CD4 + T cells, and were comparable to those DC generated in 
cultures supplemented with GM-CSF and IL-4. 

IL-12 production is restricted to the lymphoid-type DCs. Among the most profound 
functional differences between myeloid- and lymphoid-type DCs is IL-12 production, 
which is limited to the lymphoid subset. 26 " 28 We asked whether sorted DCs generated in 
vitro from FL-supplemented cultures could produce IL-12 p70, and if so, would it be 
restricted to the CDllb du11 lymphoid DC subset. Sorted DC subsets using the gates as 
shown in figure 7B, were cultured for 40 hours in the presence of SAC (pansorbin), GM- 
CSF and IFNg. Lymphoid-type DC generated from FL-supplemented BM cultures made 
10-fold more IL-12 p70 than their myeloid DC counterparts (Table 2). No detectable EL- 
12 p70 was produced from unstimulated DC (data not shown). 
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Discussion 

Here we describe a novel culture system to generate murine DC with cell-surface antigen 
expression and functional phenotype similar to those of DC residing in lymphoid tissues. 
This culture system requires the addition of a single growth factor, FL, whereas a 
structurally and functionally related growth factor, SCF, promotes the generation of 
immature granulocytes (Fig 3 and data not shown). Maximal DC numbers are achieved 
after 9-10 days of culture (Fig 5), which is similar to the kinetics of FL-induced DC 
expansion in vivo. 3 The cell density dependence of this culture system suggests the 
involvement of endogenous factor(s) as well. Rasko et al 29 have demonstrated the cell 
density dependence of murine BM cells to form colonies in response to FL alone, which 
suggests the presence of endogenous factors. Addition of neutralizing mAb to IL-2, IL-3, 
IL-4, IL-7, IL-11, IL-15, CSF-1, G-CSF, GM-CSF, or TGF-bi- 3 to the FL-supplemented 
BM cultures does not inhibit DC development, whereas neutralizing anti-IL-6 mAb 
significantly decreases DC yields, and BM cultures from IL-6 gene KO mice generate 
fewer DC than the wild-type cultures (Fig 4). Additionally, neutralizing mAb to IL-6R 
and gpl30 are inhibitory (data not shown). Interestingly, residual cells harvested from 
cultures where neutralizing anti-EL-6 or IL-6R mAb were included had similar cell- 
surface marker expression for CDllb, CDllc, CD86, and MHC Class II (data not 
shown). This suggests that IL-6 acts as a DC-proliferative factor, and is not necessary for 
DC differentiation in this in vitro culture system. These findings are consistent with 
results from previous studies demonstrating a role for IL-6 in DC development. Human 
CD34 + progenitors driven towards DC development with GM-CSF, SCF and TNFa 
produce IL-6 in vitro and require IL-6 for optimal DC expansion. 30 In addition, a recently 
described culture system for the generation of murine DC from cultured spleen cells also 
exhibited an IL-6-like activity. 18 More recent data from our lab suggest that the IL-6 
activity comes from the lineage negative population in BM (data not shown). This would 
be consistent with a previous report demonstrating lineage negative progenitor cells from 
murine BM cells as a source of IL-6. 31 The mechanisms by which IL-6, and perhaps other 
gp 1 30-stimulating growth factors like IL- 1 1 , LEF and Oncostatin-M, affect DC 
development in vivo remains to be determined. 

GM-CSF has the capacity to induce both DC development from precursor cells, as well 
as activation of DC in vitro and in vivo. 5,6,11,32 " 43 In the present study, GM-CSF was not 
required for DC generation from mouse BM in vitro (Fig 4), which is similar to a 
previous report that anti-GM-CSF mAb does not inhibit DC generation from murine 
thymic precursors cultured in a cytokine cocktail (TNFa, IL-lb, IL-7, SCF and EL-3). 14 
Lymphoid tissues from GM-CSF gene KO mice have normal DC numbers 8 ; however, 
these mice exhibit a defect in antigen-specific T cell and B cell activation at the level of 
the APC, which could be rectified by an injection of exogenous GM-CSF with the 
immunogen. 9 Taken together, this suggests that the role of GM-CSF in acquired 
immunity may lie at the level of DC activation, survival, and/or migration to lymphoid 
tissues, rather than DC development. 

We have demonstrated that as little as 24 hours exposure to GM-CSF caused these 
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immature DC to cluster, and upregulate expression of CD40 and CD80, but there was 
surprisingly little effect on MHC Class II, CD86, and other DC-associated antigens (7A 
and Table 1). Optimal stimulation of FL-derived DC with GM-CSF may require longer 
incubation periods or the addition of other pro-inflammatory cytokines. LPS and IFNa 
had more potent effects, including increased expression of cell surface antigens expressed 
on mature DC from lymphoid tissues and important for DC function (i.e. MHC Class II, 
CD40, CD80, CD86, DEC205, and CDld) (Fig 7A, 7B and Table Similar 
effects can be elicited in mice within 6 hours of LPS injection, and this is accompanied 
by DC migration from the marginal zones to the T-cell areas of spleen. 37 IFNa has also 
been described as a potent DC activator. 3839 IFNa, induced maturation of human DC 
generated in GM-CSF, TNFa, and IL-4 under serum free conditions. 39 Other cell-surface 
antigens, such as CD8a, CD25, Sca-1 and c-kit, whose function in DC biology is unclear, 
were also up-regulated by LPS and IFNa using the FL-based culture system (Fig 7A, 7B 
and Table 1). 

CD8a + DC are found in murine thymus, spleen and peripheral LN. 15 We found that 
stimulation of immature DC with LPS or IFNa, but not GM-CSF, resulted in upregulation 
of CD8a, and this is the first report of in vitro-derived murine DC expressing this 
molecule (Fig 7B, and Table 1). A recent report has described CD8a upregulation on 
murine skin-derived Langerhan cells induced by culturing cells in GM-CSF plus 
CD40L. 40 Surprisingly though, these cells also expressed CD8b which we do not find on 
the BM-derived DC (data not shown). We also found that TNFa induced potent DC 
maturation by upregulating MHC Class II, CD80, and CD86, but not CD8a (data not 
shown). This may explain why investigators culturing murine DC from thymic 
precursors in the lymphoid cocktail, which contains TNFa, but not IFNa, found no CD8a 
expression. 14 

LPS and IFNa down regulated receptor c-fins expression (Table 1). The down regulation 
of this receptor for CSF-1 has been previously reported on human DC. 41,42 The results of 
Olweus et al suggest that CD347CD123 bright human DC progenitors are derived from the 
granulomonocytic pathway since this population initially expresses c-fins, and 
differentiates to CDla7c-yms" DC after culture for 5 days in IL-3 plus GM-CSF 42 

The co-expression of both c-kit and Sca-1 following activation of DC is a novel 
observation (Table 1). Both of these cell-surface antigens have been previously described 
to be expressed on lymphoid tissue DC 1532,43 " 47 , but never together in the same report. 
Murine hematopoietic stem cells from C57BL/6 mice are described as lineage marker 
negative (such as B220, Gr-1, CDllb, CD3e, and NKL1) and positive for Sca-1 andc- 
kitP' 25 We found that after stimulation using LPS or IFNa, nearly all DC expressed high 
levels of both Sca-1 and c-kit, and this included the CDllb duI1 lymphoid-type DC subset. 
Therefore, some activated DC have the same phenotype as described for stem cells from 
C57BL/6 mice. As a result of this observation, we recommend that investigators 
purifying stem cells from C57BL/6 mice include DC-specific cell surface antigens 
(CD1 lc and MHC Class II) for complete lineage depletion. 
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We have also shown that, similar to FL-treated mice, both lymphoid- and myeloid-type 
DC, as defined by phenotype, are generated when BM is cultured in vitro with FL. 3 * 26 
Myeloid-type DCs are characterized as CDllb brighl , CDllc + , 33DP and CD8a\ whereas 
lymphoid-type DC are CDllb du11 , CDllc + , 33D1\ and CD8a + . The 33D1 antigen, which 
was originally described as a marker of cells within the marginal zones 21 , was expressed 
exclusively by the CDllb bnght cells (Fig 2 and 7B). Pulendran et al previously 
demonstrated that 33D1 was restricted to the myeloid-type DC subset that were increased 
in the spleens of mice after administration of FL. 26 Conversely, we found that there was 
no expression of 33D1 on the CDllb duH subset, but some of this population did express 
CD8a and DEC205 after activation with LPS and IFNa (Fig 7 A, 7B, Table 1 and data not 
shown). In addition, both CDllb duU and CDllb bright subsets were generated from flt3\ 
lineage-depleted BM cells cultured in FL plus conditioned medium from cultured spleen 
cells (Fig 8). 

One of the pressing issues in murine DC development is whether myeloid- and lymphoid- 
type DC represent separate lineages. Numerous studies have addressed this issue by 
culturing progenitors in combinations of cytokines excluding GM-CSF, or by injecting 
defined progenitors directly into mice. 14,4345 However, more recent reports have indicated 
that thymic- and splenic-derived lymphoid-type DC development is not associated with T 
cell development since Notch 1 KOs or mice deficient in both c-kit and IL-2Rg chain 
have thymic DCs, but no T cells, nor detectable T cell progenitors. 4849 We have not yet 
been able to demonstrate that only one type of DC could be generated in the above 
culture using whole BM or highly purified progenitors, and in addition, we find both 
types are typically generated at ratio of 1:1 (Fig 8). This suggests that lymphoid- and 
myeloid-type DC progenitors are at an equal frequency, and require the same cytokines 
for development, or that development of a common progenitor into a lymphoid- or 
myeloid-type DC is a stochastic process. 

DC generated in vitro from BM supplemented with FL and stimulated with LPS had 
similar allo-stimulatory activity in a MLR assay as those DC generated in GM-CSF plus 
IL-4 (Fig 9). In addition, those DC generated in FL plus IFNa or LPS had comparable 
activity to GM-CSF plus IL-4-derived DC to stimulate OVA-specific T cells to 
proliferate (Fig 10A and 10B, and data not shown). Surprisingly, DC generated in vitro 
with FL alone were just as active as those DC stimulated with EFNa. This may be a result 
of the DC becoming activated by the low levels of endotoxin that contaminate OVA 
protein (data not shown). We have found that as little as 50 pg/ml of E. coli-derived LPS 
would activate these DC to upregulate MHC Class II and other DC-associated markers 
(data not shown). Although we have found that FL and GM-CSF-derived DC 
demonstrate similar functional activity in the assays we employed, there were subtle 
phenotypic and morphological differences. Most notably, the DC generated in GM-CSF 
plus IL-4 were larger, have a higher level of autoflouresence, were constitutively 
activated (surface expression of MHC Class II, CD80, CD86, CD Id, and CD40), and 
lacked expression of c-kit and CD8a (Fig 7 A, 7B, and Table 1). 

Lastly, to address whether lymphoid-type DC generated from FL-supplemented BM 
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cultures represent those found in lymphoid tissues, we stimulated both DC subsets to 
produce IL-12 which has been described to be restricted to the lymphoid-type subset as 
defined by CD1 lb expression 26 or CD8a expression 27,28 . Administration of LPS or soluble 
Toxoplasma gondii tachyzoite extract to mice results in production of IL-12 p40 by DC 
found in T cell areas of the spleen, and these cells coexpress CDllc, CD8a and 
DEC205. 27 We found that lymphoid-type DC from BM cultures produced 10-fold more 
IL-12 p70 than their myeloid-type counterparts (Table 2). In addition, these data suggest 
that the differences in IL-12 production by DC is intrinsic to the subset, and not a result 
of the microenvironment from which the DC were derived. Surprisingly, the GM-CSF 
plus EL-4-derived DC, which are considered to represent myeloid-type DC, make IL-12 
p70 (>1000 pg/ml) in response to LPS alone (data not shown and ref. 13). However, it 
has not been demonstrated that these in vitro-derived myeloid-type DCs represent the 
myeloid-DC subset found in lymphoid tissues in vivo. 

The culture system described in this report will be useful for our understanding of DC 
development for their potential use as adjuvants for both infectious disease and in tumor 
biology. 



16 



Acknowledgements 

The authors would like to thank Gary Carlton, Daniel Hirschstein, and Steve Braddy for 
technical assistance. We would also like to thank Anne Aumell, and Drs. Hilary 
McKenna, Stewart Lyman, and Douglas Williams, for critical advice, and review of this 

manuscript. 



17 



REFERENCES 

1. Steinman RM. The dendritic cell system and its role in immunogenity. Annu Rev 
Immunol.l991;9:271-296. 

I. Thomas R, Lipsky PE. Dendritic cells: Orgin and differentiation. Stem cells. 1996; 14: 196- 
206. 

3. Maraskovsky E, Brasel K, Teepe M, et al. Dramatic increase in the numbers of 
functionally mature dendritic cells in the flt3 ligand-treated mice: Multiple dendritic 
cell populations identified. J Exp Med.l996;184:1953-1962. 

4. Brasel K, Maraskovsky E, Pulendran B, et al. Preferential expansion of myeloid-type 
dendritic cells in vivo after administration of GM-CSF into mice: A comparative 
analysis with Flt3 ligand generated dendritic cells. Blood. 1997;90: 170a, (abstr). 

5. Hanada K, Tsunoda R, Hamada H. GM-CSF-induced in vivo expansion of splenic 
dendritic cells and their strong costimulation activity. J Leukoc Biol.l996;60:181- 
190. 

6. Pulendran B, Smith JL, Caspary G, et al. Distinct dendritic cell subsets differentially 
regulate the class of immune response in vivo. Proc Natl Acad Sci 
USA.1999;96:1036-1041. 

7. McKenna HJ, Stocking KL, Miller RE, et al. Mice lacking flt3 ligand have deficient 
hematopoiesis affecting hematopoietic progenitor cells, dendritic cells and natural 
killer cells. Blood.(in press). 

8. Vremec D, Lieschke GJ, Dunn AR, Robb L, Metcalf D, Shortman K. The influence of 
granulocyte/macrophage colony-stimulating factor on dendritic cell levels in mouse 
lymphoid organs. Eur J Immunol. 1997;27:40-44. 

9. Wada H, Noguchi Y, Marino MW, Dunn AR, Old LJ. T cell functions in 
granulocyte/macrophage colony-stimulating factor deficient mice. Proc Natl Acad Sci 
USA. 1997;94:12557-12561. 
10. Noguchi Y, Wada H, Marino MW, Old LJ. Regulation of IFN-g production in 
granulocyte/macrophage colony-stimulating factor-deficient mice. Eur J Immunol. 
1998;28:3980-3988. 

II. Inaba K, Inaba M, Romani N, et al. Generation of large numbers of dendritic cells 
from mouse bone marrow cultures supplemented with granulocyte/macrophage 
colony-stimulating factor. J Exp Med. 1992; 176: 1693-1702. 

12. Sallusto F, Lanzavecchia A. Efficient presentation of soluble antigen by cultured 
human dendritic cells is maintained by granulocyte/macrophage colony-stimulating 
factor plus interleukin 4 and downregulated by tumor necrosis factor alpha. J Exp 
Med. 1994;179:1109-1118. 

13. Labeur MS, Roters B, Pers B, et al. Generation of tumor immunity by bone marrow- 
derived dendritic cells correlates with dendritic cell maturation stage. J Immunol. 
1999;162:168-175. 

14. Saunders D, Lucas K, Ismaili J, et al. Dendritic cell development in culture from 
thymic precursor cells in the absence of granulocyte/macrophage colony-stimulating 
factor. J Exp Med.l996;184:2185-2196. 

15. Vremec D, Shortman K. Dendritic cell subtypes in mouse lymphoid organs. J 
Immunol. 1997;159:565-573. 



18 



16. Garrigan K, Moroni-Rawson P, McMurray C, et al. Functional comparison of spleen 
dendritic cells and dendritic cells cultured in vitro from bone marrow precursors. 
Blood.l996;88:3508-3512. 

17. Crowley M, Inaba K, Witmer-Pack M, Steinman RM. The cell surface of mouse 
dendritic cells: FACS analyses of dendritic cells from different tissues including 
thymus. Cell Immunol. 1989;1 18:108-125. 

18. Ni K, O'Neill HC. Long-term stromal cultures produce dendritic-like cells. Br J 
Haematol.l997;97:710-725. 

19. Ahmed SA, Gogal RM, Walsh JE. A new rapid and simple non-radioactive assay to 
monitor and determine the proliferation of lymphocytes: An alternative to H3- 
thymidine incorporation assay. J Immunol Meth. 1994; 170:21 1-224. 

20. Murphy KM, Heimberger AB, Loh DY. Induction by antigen of intrathymic 
apoptosis of CD4 + and CD8 + TCR lD thymocytes in vivo. Science. 1990;250: 1720- 
1723. 

21. Witmer MD, Steinman RM. The anatomy of peripheral lymphoid organs with 
emphasis on accessory cells: Light microscopic immunocytochemical studies of 
mouse spleens, lymph nodes and Peyer's patch. Am J Anat. 1984;170:465-481. 

22. Lyman SD, Jacobsen SEW. c-kit Ligand and Flt3 Ligand: stem/progenitor cell factors 
with overlapping yet distinct activities. Blood. 1998;91:1 101-1 134. 

23. Okada S, Nakauchi H, Nagayoshi K, Nishikawa S-I, Miura Y, Suda T. In vivo and in 
vitro stem cell function of c-kit- and Sea- 1 -positive murine hematopoietic cells. 
Blood. 1992;80:3044-3050. 

24. Li CL, Johnson GR. Murine hematopoietic stem and progenitor cells. I. Enrichment 
and biological characterization. Blood. 1995;85:1472-1479. 

25. Osawa M, Nakamura K, Nishi N, et al. In vivo self-renewal of c-kit Sca-1 + lin low/ " 
hemopoietic stem cells. J Immunol. 1996;156:3207-3214. 

26. Pulendran B, Lingappa J, Kennedy MK, et al. Developmental pathways of dendritic 
cells in vivo. J Immunol. 1997; 159:2222-2231. 

27. Reis e Sousa C, Hieny S, Scharton-Kersten T, et al. In vivo microbial stimulation 
induces rapid CD40 ligand-independent production of interleukin 12 by dendritic 
cells and their redistribution to T cell areas. J Exp Med.l997;186: 1819-1829. 

28. Maldonado-Lopez R, De Smedt T, Michel P, et al. CD8a + and CD8a" subclasses of 
dendritic cells direct the development of distinct T helper cells in vivo. J Exp 
Med. 1999; 189:587-592. 

29. Rasko JEJ, Metcalf D, Rossner MT, Begley CG, Nicola NA. The flt3/flk-2 ligand: 
receptor distribution and action on murine haemopoietic cell survival and 
proliferation. Leukenia. 1995;9:2058-2066. 

30. Santiago-Schwarz F, Tucci J, Carsons SE. Endogenously produced interleukin 6 is an 
accessory cytokine for dendritic cell hematopoiesis. Stem Cells. 1996; 14:225-231. 

31. Schneider E, Ploemacher RE, Navarro S, Beurden C, Dy M. Characterization of 
murine hematopoietic progenitor subsets involved in interleukin-3-induced 
interleukin-6 production. Blood.l991;78:329-338. 

32. Witmer-Pack MD, Oliver W, Valinsky J, Schuler G, Steinman RM. 
Granulocyte/macrophage colony-stimulating factor is essential for the viability and 
function of cultured murine epidermal Langerhan cells. J Exp Med. 1987; 166: 1484- 
1498. 



19 



33. Inaba K, Steinman RM, Witmer-Pack M, et al. Identification of proliferating dendritic 
cell precursors in mouse blood. J Exp Med. 1992; 175:1 157-1165. 

34. Markowicz S, Engleman EG. GM-CSF promotes differentiation and survival of 
human peripheral blood dendritic cells. J Clin Invest. 1990;85:955-961. 

35. Salomon B, Cohen JL, Masurier C, Klatzmann D. Three populations of mouse lymph 
node dendritic cells with different orgins and dynamics. J Immunol. 1998; 160:708- 
717. 

36. Anjuere F, Martin P, Ferrero I, et al. Definition of dendritic cell subpopulations 
present in the spleen, peyer's patches, lymph nodes, and skin of the mouse. 
Blood. 1999;93:590-598. 

37. De Smedt T, Pajak B, Muraille E, et al. Regulation of dendritic cell numbers and 
maturation by lipopolysaccharide in vivo. J Exp Med.l996;184:1413-1420. 

38. Paquette RL, Hsu NC, Kiertscher SM, et al. Interferon-a and granulocyte-macrophage 
colony-stimulating factor differentiate peripheral blood monocytes into potent 
antigen-presenting cells. J Leukoc Biol. 1998;64:358-367. 

39. Luft T, Pang KC, Thomas E, et al. Type I IFNs enhance the terminal differentiation of 
dendritic cells. J Immunol.l998;161:1947-1953 

40. Anjuere F, Martinez del Hoyo G, Martin P, Ardavin C. Langerhan cells acquire a 
CD8+ dendritic cell phenotype on maturation by CD40 ligation. J Leuko 
Biol.2000;67:206-209. 

41. Cella M, Salio M, Sakakibara Y, Langen H, Julkunen I, Lanzavecchia A. Maturation, 
activation, and protection of dendritic cells induced by double-stranded RNA. J Exp 
Med.l999;189:821-829. 

42. Olweus J, BitMansour A, Warnke R, et al. Dendritic cell ontogeny: A human cell 
lineage of myeloid orgin. Proc Natl Acad Sci USA.1997;94:12551-12556. 

43. Wu L, Vremec D, Ardavin C, et al. Mouse thymus dendritic cells: kinetics of 
development and changes in surface markers during maturation. Eur J Immunol. 
1995;25:418-429. 

44. Vremec D, Zorbas M, Scollay R, et al. The surface phenotype of dendritic cells 
purified from mouse thymus and spleen: Investigation of the CD8 expression by a 
subpopulation of dendritic cells. J Exp Med. 1992; 176:47-58. 

45. Ardavin C, Wu L, Li C-L, Shortman K. Thymic dendritic cells and T cell develop 
simultaneously in the thymus from a common precursor population. 
Nature. 1993;362:761-763. 

46. Izon DJ, Jones LA, Eynon EE, Kruisbeek AM. A molecule expressed on accessory 
cells, activated T cells, and thymic epithelium is a marker and promoter of T cell 
activation. J Immunol. 1994; 153:2939-2950. 

47. Izon DJ, Oritani K, Hamel M, et al. Identification and functional analysis of Ly-6A/E 
as a thymic and bone marrow stromal antigen. J Immunol. 1996;156:2391-2399. 

48. Radtke F, Ferrero I, Wilson A, Lees R, Aguet M, MacDonald HR. Notch 1 deficiency 
dissociates the intrathymic development of dendritic cells and T cells. J Exp 
Med.2000;191:1085-1093. 

49. Rodewald H-R, Brocker T, Haller C. Development dissociation of thymic dendritic 
cell and thymocyte lineages revealed in growth factor receptor mutant mice. Proc Natl 
Acad Sci US A.2000;96: 15068-15073. 



20 



Table 1. Phenotype of FL- and GM-CSF plus IL-4-derived DC 


Marker 


No addition 


FL + LPS 


FL + IFNa 


FL 


GM-CSF 




(FL alone) 






+ GM-CSF 


+ IL-4 


CD25 


on 


47 


10 


1 


7 


CDld 


4 


54 


13 


11 


21 


CD40 


18 


92 


80 


45 


34 


DEC205 


3 


27 


11 


10 


37 


CD8a 


7 


45 


20 


4 


0 


F4/80 


26 


24 


14 


24 


13 


Ly6C 


16 


24 


42 


20 


ND 


Sca-1 


61 


92 


95 


69 


17 


c-kit 


69 


91 


100 


57 


2 


c-fins 


17 


4 


6 


35 


ND 



Cultures were established with BM cells cultured in FL for 9 days or GM-CSF plus IL-4 
for 7 days from C57BL/6 mice as described in Materials and Methods. LPS, IFNa, or 
GM-CSF were added to FL-supplemented cultures on the eighth day of culture, and the 
cells were harvested 24 hours later for flow-cytometric analysis. Numbers are percent 
positive, after subtraction of background using the appropriate isotype controls as 
described in Materials and Methods. Detection of the above antigens was performed by 
flow cytometric analysis a minimum of 3 times, each time giving similar results. 
% % positive. 
ND, not determined. 
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Table 2. IL-12 p70 production by myeloid-and lymphoid-type DC 



Population 


IL-12 p70 (pg/ml) 


myeloid-type DC 


31±15 


lymphoid-type DC 


312±46 



DC were generated from FL-supplemented B ALB/c BM cultures as described in 
Materials and Methods. Cells were harvested after 9 days of culture in FL alone, then 
sorted for myeloid-type and lymphoid-type DCs using CD1 lb and CD1 lc to delineate 
these populations (same gates used in figure 7B). Sorted DC were then cultured in CM 
supplemented with GM-CSF, IFNg and SAC for 40 hours at a cell density of lxl0 6 /ml. 
Supernatants were assayed for murine IL-12 p70 using an ELISA kit. Results are the 
average ± S.D. of 3 separate experiments. 
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Figure Legends 

Fig 1. Phase-contrast view of FL-supplemented C57BL/6-derived BM cultures after 
9 days of culture. Note the refractile, non-adherent cells growing on the sparse, 
macrophage-like cell layer. 

Fig 2. Flow-cytometric analysis of cells generated in FL-supplemented BM. BM 
cells from cultures from C57BL/6 or BALB/c mice were cultured at lxlO 6 cells/ml in 
FL for 9 days (see Materials and Methods). Gates were determined using isotype 
controls. Analyses were performed a minimum of three times for each marker. 

Fig 3. Cell output from FL versus SCF-supplemented low cell density BM cultures 
in the presence of titrated BM cells using transwell plates. BM cells at low density 
(2xl0 5 /ml) were cultured in the lower chambers of transwell plates, separated by a 
0.4 mm Alter from the titrated feeder cells in the upper chambers. Cells in the 
upper and lower chambers were cultured in either culture medium alone (n), 100 
ng/ml of FL (s), or 100 ng/ml SCF (1) for 10 days, then harvested from the lower 
chamber, counted, and analyzed for expression of cell-surface antigens by flow 
cytometry. 

Fig 4. DC development from BM cells cultured in FL requires endogenous IL-6, but 
not GM-CSF. (A) C57BL/6 BM cells were cultured in FL plus anti-mIL-6 mAb, 
anti-mGM-CSF mAb, or control antibodies for 9 days as described in Materials and 
Methods. Replicate wells (n=3) were harvested and scored for cellularity. (B) 
C57BL/6 or IL-6 gene KO BM cells were cultured in FL plus anti-mIL-6 or control 
mAb for 9 days as described in Materials and Methods. Replicate wells (n=3) were 
harvested and scored for cellularity and results presented as mean + SD. Each 
experiment was performed a minimum of 3 times. ^Significantly different from 
normal BM cells cultured in FL plus Rat mAb isotype control (P<.05). 

Fig 5. Kinetics of DC development from FL-supplemented C57BL/6 BM cultures. 
BM cells were cultured in FL at lxlO 6 cells/ml, and on days 3, 5, 7, 9 and 11 of 
culture, were harvested for enumeration of cells and analyzed for the expression of 
Gr-1 (s), CD19 (u), CDllc (n), and MHC Class II (1). Results are presented as the 
mean ± SD from three separate experiments. Day 0 data were generated from 
freshly isolated BM cells. Gates for flow-cytometric analysis were determined using 
isotype controls as described in Materials and Methods. Analysis was performed a 
minimum of 3 times for each cell surface marker. 

Fig 6. Morphology of cells generated from FL-supplemented BM cultures. BM cells 
from C57BL/6 mice were cultured in (A) FL alone for 9 days, or stimulated for the 
final 24 hours of culture with the addition of (B) LPS, (C) IFNa, (D) or GM-CSF. 
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(E) "Myeloid" DC from BM cells cultured in GM-CSF and IL-4 for 7 days. Cells 
were harvested and cytospins prepared. Cytospun cells were photographed at 400x 
magnification. 

Fig 7. Flow-cytometric analysis of activated BM-derived DC. (A) FL-supplemented 
BM cells from C57BL/6 mice were cultured for 9 days, and stimulated with either 
LPS, IFNa, or GM-CSF during the last 24 hours of culture. (B) 3-color analysis of 
FL-derived (+/- LPS) DC using CDllb and CDllc to define myeloid- and lymphoid- 
type DC. (C) DC generated in BM cultures supplemented with GM-CSF and IL-4 
for 7 days. Gates were determined using isotype controls as described in Materials 
and Methods. Results shown are representative of >5 experiments. 

Fig 8. Flow-cytometric analysis of flt371ineage"-derived DC. Flt371ineage" cells were 
sorted from BM and cultured for 9 days in 200 ng/ml FL plus conditioned media 
from spleen cells. LPS at 1 mg/ml was added during the last 24 hours to induce 
maturation. Gates were determined using isotype controls as described in Materials 
and Methods. Results shown are representative of 5 experiments. 

Fig 9. Comparison of allo-stimulatory activity of FL and GM-CSF plus IL-4- 
derived DC. DC were enriched from spleens of mice treated with FL, and generated 
from the BM of C57BL/6 mice cultured in GM-CSF plus IL-4 or FL, as described in 
Material and Methods. Splenic-derived DC from mice treated with FL for 10 days 
(□), BM-derived DC from cultures using GM-CSF and IL-4 (1), FL alone (s), FL 
plus IFNa (u, and dashes), or FL plus LPS (n) were cultured at various numbers in 
the presence of a constant number (lxlOVwell) of T cells from DBA/2 mice for 4 
days. Alamar blue was added for another 24 hours before measuring optical density 
(O.D.). DBA/2 T cells alone gave a mean O.D. of -0.044 ± 0.031. Background O.D. 
from DC alone was subtracted from DC with T cells. 

Fig 10. Comparison of antigen processing and presentation by DC generated from 
FL- or GM-CSF plus IL-4-supplemented BM cultures. (A) Splenic-derived DC from 
mice treated with FL for 10 days (n), BM-derived DC from cultures using GM-CSF 
and IL-4 (1), FL alone (s, and dashes), or FL plus LPS (u),were cultured with 
constant OVA protein (300 mg/ml) and lxlOVwell OVA-specific D011.10 T cells. (B) 
DC and T cells were cultured at constant concentrations (2xl0 4 DC/well), and OVA 
protein was titrated. T-cell proliferation was measured on day 5 for both assays. 
Background counts from OVA-specific T cells cultured without DC in OVA protein 
(300 mg/ml) were <4000 cpm, and T cells without OVA protein and with DC (2xl0 4 
DC/well) were <1000 cpm. Background counts from DC alone were <1000 cpm. 
Data represented is the mean ± SD of triplicate wells, and was performed 5 times. 
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